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Abstract 
As newer, more exotic materials are developed, and more complex shapes are presented, conventional machining operations 
reach their limitations. Hence the increased use of non-conventional machining methods in manufacturing continues to grow at 
an accelerated rate. In this paper, an attempt has been made to machine Al 6063/ ZrSiO4(p) (5%) metal matrix composite using 
wire electric discharge machining. The objective is to investigate the influence of process parameters namely pulse on time, pulse 
off time, peak current and servo voltage on cutting rate. A Box-Behnken design approach of response surface methodology 
(RSM) is used to plan and analyze the experiments. The mathematical relationships between WEDM input process parameters 
and response parameter are established to determine optimal values of cutting rate mathematically. The Analysis of variance 
(ANOVA) and F-test are performed to obtain statistically significant process parameters. The generated optimal process 
conditions have been verified by conducting confirmation experiments and predicted results have been found to be in good 
agreement with experimental findings. 
© 2014 The Authors Published by Elsevier Ltd© 2014 Elsevier Ltd. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/3.0/).
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1. Introduction 
Metal Matrix Composites (MMC’s) have proven to be important advanced materials that serve as alternatives to 
many conventional materials, particularly when light-weight and high strength components are needed such as in the 
automotive, aerospace, defence and other industries. MMCs have found many successful industrial applications in 
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recent past as high-technology materials due to their exceptional properties such as high strength-to-weight ratio, 
high toughness and lower value of coefficient of thermal expansion, light weight and capability of operating at 
elevated temperatures [Taha 2001; Miracle 2005; Rosso 2006]. They also exhibit greater resistance to corrosion, 
oxidation and wear. Machining of MMC’s is performed by conventional as well as non-conventional processes. 
Processed MMC cause serious tool wear due to the presence of abrasive particles and thus reduced tool life when 
machined using conventional means. Although, non-conventional machining techniques such as water jet machining 
(WJM) and laser beam machining (LBM) can be used but the machining equipment is expensive, height of the work 
piece is a constraint and surface finish obtained is not good [Kalpakjian and Steven 2006]. On the other hand, some 
techniques such as electric discharge machining (EDM) and wire electric discharge machining (WEDM) are quite 
successful for machining of MMC’s [Timings and Wilkinson 2000]. WEDM seems to be a better choice as it 
confirms to easy control and can machine intricate and complex shapes [Garg et al. 2012]. 
WEDM is a spark erosion process used to produce complex two and three dimensional shapes through electrically 
conductive work pieces. A power supply delivers high-frequency pulses of electricity to the wire and the work piece 
and material is removed as a result of high energy discharge subjected on the work piece. WEDM has become an 
important non-traditional machining process, widely used in the aerospace, nuclear and automotive industries. As 
WEDM process provides an effective solution for machining hard materials (like titanium, titanium diboride, 
ceramics, zirconium and tungsten carbide) with intricate shapes and profiles [Kozak et al. 2004; Garg et al. 2013]. 
2. Literature Review  
Detailed literature survey indicates that the available researches are concentrated on machining of conventional 
materials like steel, brass, titanium etc. and there are very few published works focused on machining of MMC’s on 
WEDM. Kung and Chiang (2008) studied behavior of wire electric discharge machining of aluminium oxide-based 
ceramics. Saha et al. (2009) studied the machinability of 5% volume TiC/Fe in situ MMC. Results showed that an 
increase in average gap voltage leads to the decrease in cutting speed but increase in cutting width. An increase in 
pulse-on time increases both the cutting speed and cutting width. Patil and Brahmankar (2010) investigated the 
effects process parameters on performance of WEDM in machining of Al2O3/ 6061 Al MMC. It was concluded that 
the reinforcement percentage, current and pulse-on time has significant effect on cutting speed, surface finish and 
kerf width. Shah et al. (2010) investigated seven machining parameters in addition to varying material thickness on 
machining responses such as MRR, kerf and surface roughness of tungsten carbide samples machined by WEDM. 
Shandilya et al. (2011) concluded that to achieve higher value of the average cutting speed, lower value of voltage 
and higher value of pulse off time should be used during wire electric discharge cutting of SiCp/ 6061 Al MMC.  
Al 6063/ ZrSiO4(p) MMC’s are widely used materials in many engineering applications due to their improved 
properties but very few research efforts are made and published on the combined effect of process parameters on the 
performance of WEDM process in machining of Al 6063/ ZrSiO4(p) MMC. Al 6063/ ZrSiO4(p) MMC is selected 
as work piece material because it meets a wide range of applications including wear-resistant components, cutting 
tools, punches, engine parts, high temperature applications, medical and biomedical purposes etc. Table 1 shows the 
chemical composition of 6063 Aluminium alloy used as the base metal. In the present work, an attempt has been 
made to optimize process parameters of WEDM for machining of MMC using Response Surface Methodology and 
in particular Box-Behnken Designs to develop an empirical relationship between different process parameters 
namely Pulse on time (TON), Pulse off time (TOFF), Peak Current (IP) and Servo Voltage (SV) and output response 
namely Cutting Rate (CR). The ANOVA is applied to identify the significance of the process parameters. 
Thereafter, Optimization of cutting rate is performed using desirability approach and surface topography of 
machined surface is examined using scanning electron microscopy (SEM). A plate of rectangular shape (110mm x 
80mm x 11mm) having 5% ZrSiO4 particles (by weight) as reinforcement is prepared by stir casting process.  
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Table 1: Chemical Composition of Al 6063 Alloy 
 
Element Al Si Fe Cu Mn Mg Cr Zn Ti Others 
Composition (wt%) 97.5 0.6 0.35 0.1 0.1 0.9 0.1 0.1 0.1 0.15 
3. Design of experiments and experimentation 
The present work utilizes four varying input process parameters viz. Pulse on time (TON), Pulse off time (TOFF), 
Peak Current (IP) and Servo Voltage (SV) to investigate their effects on Cutting Rate (CR) during machining of Al 
6063/ ZrSiO4(p) MMC. The ranges of input parameters are selected on the basis of literature review [Shandilya et al. 
2011] and pilot study conducted by using one factor at a time approach. The selected process parameters along with 
their levels are listed in Table 2. The parameters which are kept fixed during the course of experimentation are also 
presented in Table 2. 
 
Table 2: Process Parameters with their ranges 
 
Variable Parameters Coded Factor 
Levels Units Fixed Parameters Description I II III 
Pulse On Time (TON) A 112 116 120 mu Wire Feed 8 m/min 
Pulse Off Time (TOFF) B 50 55 60 mu Water Pressure 8 Kg/cm2 
Peak Current (IP) C 120 150 180 amp Wire Tension 8 gm 
Servo Voltage (SV) D 50 65 80 volts Servo Feed 2200 
 
Present work utilizes, Box-Behnken experimental design approach as it plans experiments within identified 
search space (assuming a=1). Four control factors are considered at three levels, therefore 29 experiments needed to 
be performed according to BBD. 
The experiments are performed on a four axis Electronica Sprintcut 734 CNC Wire Cut Machine manufactured 
by Electronica India Limited, Pune (India). A diffused brass wire of 0.25mm diameter is used as tool material and 
deionized water is used as dielectric to machine 6063 Aluminium based MMC. A 8mm x 8mm rectangular cut is 
taken on the work piece as shown in Figure 1(a). Figure 1(b, c) represents the selected machine tool and the 
rectangular pieces cut from the plate respectively. 
 
 
(a) 
 
(b) 
 
(c) 
 
Fig. 1. (a) Rectangular profile cut on work piece (8mm x 8mm); (b) Four axis Electronica Sprintcut 734 CNC wire cut machine; (c) Rectangular 
pieces cut from plate. 
The experiments are performed as per run order indicated in Table 3. Cutting rate data is displayed on the 
monitor of the machine tool. It is noted at a distance of 2mm, 4mm and 6mm from the initial of cutting along each 
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axis. A total of 9 readings are collected and average of these is taken. The average value of cutting rate obtained in 
different runs is also indicated in Table 3. 
4. Results and Discussion 
First step towards identifying effect of controlled process parameters on cutting rate is to find goodness of fit of the 
given data. Quadratic model for cutting rate is recommended by the Design Expert 6.0.8 software. Table 4 shows the 
analysis of variance (ANOVA) for the quadratic model at 95% confidence level which is obtained by eliminating  
 
Table 3: Design and Results for Wire EDM output responses 
Control Process Parameters Response 
Std Run Block A: TON B: TOFF C: IP D: SV CR 
1 6 Block 1 112 50 150 65 2.72 
2 15 Block 1 120 50 150 65 4.83 
3 16 Block 1 112 60 150 65 1.75 
4 19 Block 1 120 60 150 65 2.9 
5 9 Block 1 116 55 120 50 3.61 
6 25 Block 1 116 55 180 50 4.21 
7 10 Block 1 116 55 120 80 1.83 
8 5 Block 1 116 55 180 80 2.11 
9 1 Block 1 112 55 150 50 2.68 
10 3 Block 1 120 55 150 50 4.826 
11 11 Block 1 112 55 150 80 1.31 
12 2 Block 1 120 55 150 80 2.4 
13 12 Block 1 116 50 120 65 3.42 
14 7 Block 1 116 60 120 65 2.05 
15 14 Block 1 116 50 180 65 4.15 
16 28 Block 1 116 60 180 65 2.47 
17 27 Block 1 112 55 120 65 1.98 
18 17 Block 1 120 55 120 65 3.32 
19 24 Block 1 112 55 180 65 2.22 
20 13 Block 1 120 55 180 65 3.94 
21 18 Block 1 116 50 150 50 5.17 
22 20 Block 1 116 60 150 50 3.03 
23 22 Block 1 116 50 150 80 2.6 
24 8 Block 1 116 60 150 80 1.67 
25 29 Block 1 116 55 150 65 2.94 
26 26 Block 1 116 55 150 65 2.84 
27 21 Block 1 116 55 150 65 2.88 
28 4 Block 1 116 55 150 65 2.85 
29 23 Block 1 116 55 150 65 3 
Legend: TON = Pulse on time, TOFF = Pulse off time, IP = Peak Current, SV= Servo Voltage, CR = Cutting Rate 
 
non-significant terms by backward elimination. ANOVA analysis is carried out to determine the significant process 
parameters and is represented in Table 4. 
Table 4 indicates that the F-value of the model is 436.2322 and the corresponding p-value is less than 0.001. 
Thus, quadratic model is significant at 95% confidence level. Moreover, lack of fit of 1.127836 implies that it is not 
significant relative to pure error. An important coefficient R2, which is defined as the ratio of the explained variation 
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to the total variation and is a measure of the degree of fit. When R2 approaches unity, the response model fits better 
to the actual data and shows less difference between the predicted and actual values. The obtained values of 
predicted R2 of 0.9895 are in reasonable agreement with the adjusted R2 of 0.9950, which indicates high correlation 
between the obtained and predicted values. 
Following equation (1) represents the relation between CR and control factors which is obtained by multiple 
regression technique. Backward elimination process is used to eliminate the non-significant factors to fit the 
quadratic model for cutting rate 
CR = -125.22336 + (1.88925 * TON) + (0.28265 * TOFF) – (0.043833 * IP) + (0.25076 * SV) – (3.71946E-003 * 
TON2) + (7.03955E-003 * TOFF2) – (0.012000 * TON * TOFF) + (7.91667E-004 * TON * IP) – (4.40000E-003 * TON * 
SV) – (5.16667E-004 * TOFF * IP) + (4.03333E-003 * TOFF * SV) – (1.77778E-004 * IP * SV)                        (1) 
 
The regression model equation for cutting rate indicate the individual, interaction and second order effects of 
input process parameters (pulse on time, pulse off time, peak current and servo voltage) are significant and Equation 
(1) can be used for predicting the optimal values of input parameters for maximizing the cutting rate while 
machining of Al 6063/ZrSiO4(p) MMC. 
 
Table 4: ANOVA for Response Surface of reduced Quadratic Model of Cutting Rate 
 
Source Sum of Squares 
Degree Of 
freedom 
Mean 
Square 
F 
Value Prob > F  
Model 27.53468 12 2.294557 463.2322 < 0.0001 Significant 
A (TON) 7.609761 1 7.609761 1536.282 < 0.0001 Significant 
B (TOFF) 6.780033 1 6.780033 1368.774 < 0.0001 Significant 
C (IP) 0.696008 1 0.696008 140.5123 < 0.0001 Significant 
D (SV) 11.22494 1 11.22494 2266.124 < 0.0001 Significant 
A2 0.024444 1 0.024444 4.93483 0.0411 Significant 
B2 0.213768 1 0.213768 43.15604 < 0.0001 Significant 
AB 0.2304 1 0.2304 46.51386 < 0.0001 Significant 
AC 0.0361 1 0.0361 7.287978 0.0158 Significant 
AD 0.278784 1 0.278784 56.28177 < 0.0001 Significant 
BC 0.024025 1 0.024025 4.85024 0.0427 Significant 
BD 0.366025 1 0.366025 73.89425 < 0.0001 Significant 
CD 0.0256 1 0.0256 5.168206 0.0371 Significant 
Residual 0.079254 16 0.004953  
Lack of Fit 0.061174 12 0.005098 1.127836 0.4990 Non-Significant 
Pure Error 0.01808 4 0.00452  
Cor Total 27.61394 28  
Standard Deviation = 0.070, R-Squared = 0.9971, Adj R-Squared = 0.9950, Predicted R-Squared = 0.9895, Mean = 2.96, Coefficient of 
Variance = 2.38, PRESS = 0.29, Adeq Precision = 79.715 
 
Figure 2(a) shows the interaction of TON and TOFF on CR. It clearly shows that CR attains a peak value at higher 
value of TON and at a lower value of TOFF. This is because a high value of TON and corresponding lower value of 
TOFF, causes spark to occur for longer duration which leads to higher energy discharge causing faster and greater 
erosion of material. It also shows that CR attains a minimum value at low value of TON and high value of TOFF. 
Figure 2(b) explains the interaction of TOFF and SV on CR which shows that CR decreases at higher value of TOFF 
and at a higher value of SV. This is because a high value of TOFF and corresponding higher value of SV causes spark 
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gap to occur for longer duration which leads to lower energy discharge causing slow and less amount of erosion of 
material. It also shows that CR attains a maximum value at low value of TOFF and lower value of SV. 
Figure 2(c) shows the interaction effects of pulse on time and peak current on cutting rate. The cutting rate 
increased from 1.906 to 2.197 mm/min when peak current is increased from 120 to 180 A with pulse on time remain 
unchanged at 112μs. While on the other hand on increasing the pulse on time value from 112 to 120μs the cutting 
rate increased from 1.906 to 3.308 mm/min with peak current remain unchanged at 120A. On setting the pulse on 
time and peak current to the highest level 120μs and 180A respectively the cutting rate increases to the maximum 
value of 3.98 mm/min. Increase in peak current leads to the increase of the cutting rate. This can be explained by the 
fact that at higher peak current the pulse energy increases resulting in higher melting and evaporation of the work 
piece. Increasing the peak current value, the temperature around the spark increases which leads to the melting of 
the material at a high rate which results in the formation of large size craters. 
Interaction effect of pulse on time and spark voltage is shown in Figure 2(d). A high value of servo voltage 
increases the gap between two consecutive sparks. Higher the servo voltage, longer is the discharge waiting time 
which results in lower cutting rate. When the spark voltage was increased from 50 to 80 volts, the cutting rate 
decreased from 2.755 to 1.348 mm/min. A lower value of pulse on time (112μs) further reduces the discharge 
energy impinged on the work piece. A high value of SV (80V) together with a lower value of TON (112μs) leads to 
smaller cutting rate of 1.348 mm/min. On the other hand, cutting rate increased from 2.755 to 4.875 mm/min when 
pulse on time is increased from 112 to 120μs with servo voltage remain unchanged at 50 volts as indicated by 
Figure 2.(e). 
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Figure 2: (a) Interaction effect of pulse on time and pulse off time (b) Interaction effect of pulse off time and servo voltage (c) Interaction effect 
of pulse on time and peak current (d) Interaction effect of pulse on time and servo voltage (e)  Interaction effect of pulse off time and peak current 
 
Figure 2(e) shows the interaction effects of the pulse off time and peak current on cutting rate. When pulse off 
time was varied from 50 to 60μs, with a constant peak current of 120 A, the cutting rate decreased from 3.517 to 
2.168 mm/min due to the fact that on increasing the time gap between the two consecutive sparks the process of 
erosion of material becomes slow. By increasing the peak current from 120 to 200 A the cutting rate increased from 
3.517 to 4.153 mm/min as discussed earlier. 
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Fig. 3: Effect of pulse on time, pulse off time, peak current and servo voltage on cutting rate 
The main effect plot of process parameters shown in Figure 3 indicate that main effects also follow the same 
trend as exhibited by interactions. Cutting rate is found to increase with increase in TON and IP and decrease with 
increase in TOFF and SV. 
5. Surface Topography 
Surface topographic analysis is performed on Leo 435 variable pressure SEM machine at IIT roorkee in order to 
explore the surface conditions of the machined work piece. SEM graph presented in Figure 4(a, b) at 120 and 112 
TON respectively indicate that craters and cracks were formed on the machined surface of the MMC. Large craters 
and cracks were formed by the molten material and these effects become more noticeable as the pulse on time 
increases. This is because with increase pulse on time the amount of heat transfer increases which results in more 
metal removal and leaving the surface with large craters and cracks. Figure 4(b) show the image of surface 
machined at lowest pulse on time and highest pulse off time. Due to lower pulse on time the machined surface is 
subjected to less intense electrical discharge and results in improved surface finish. Very small craters are formed on 
the surface and the cracks are almost invisible when the surface is machined at lower discharge energy. 
Figure 5(a, b) shows SEM graphs at 180 and 120 IP respectively. Comparing the two images it is observed that 
high value peak current evidence the formation of cracks and larger craters on the surface of the machined work 
piece. This can be explained by the fact that at higher peak current the pulse energy increases resulting in higher 
melting and evaporation of the work piece which leads to the formation of large size craters and cracks. Increasing 
the peak current value, the temperature around the spark increases which leads to the melting of the material at a 
high rate which results in the formation of large size craters. 
 
 
         
 
         
    
    
    
    
    
    
  (a) (b)   
Fig. 4: (a) SEM micrograph (500 X) at (TON = 120, TOFF = 50, IP= 150, SV= 65, WP= 1, WF= 8, WT= 8, SF= 2200) and 
(b) SEM micrograph (500 X) at (TON = 112, TOFF = 60, IP= 150, SV= 65, WP= 1, WF= 8, WT= 8, SF= 2200) 
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(a) (b) 
Fig. 5: (a) SEM micrograph (1500 X) at (TON = 116, TOFF = 55, IP = 180, SV = 50, WP = 1, WF = 8, WT = 8, SF = 2200) 
and (b) SEM micrograph (1500 X) at (TON = 116, TOFF = 55, IP = 120, SV = 80, WP = 1, WF = 8, WT = 8, SF = 2200) 
6. Optimization of cutting rate 
Optimization of cutting rate is accomplished with desirability approach. In the desirability function approach, the 
measured properties of each predicted response are transformed to a dimensionless desirability value (d) where d 
varies between 0 and 1. The desirability function value 0 suggests that the response is completely unacceptable and 
d =1 indicates that the response is exactly at the target value. The value of d increases as the desirability of the 
corresponding response increases [Derringer and Suich 1980]. One-sided transformation is used to transform the 
response into a desirability value. In the present study, cutting rate is larger the better characteristics. The response is 
transformed into di using the equation given below. 
di =൝
Ͳݕ݅ ൏ ܮ݅
ሺݕ݅ െ ܮ݅Ȁܶ݅ െ
ͳݕ݅ ൐ ܶ݅
ܮ݅ሻwܮ݅ ൑ ݕ݅ ൑ ܶ݅                                                                                  (2) 
where Li = lower limit value of response yi, Ui = upper limit value of response yi, Ti= Target value of 
response. L and U are selected according to the mathematical model in response surface methodology 
(RSM). Optimization is carried out in two steps: 
 
x Obtaining the desirability for the response cutting rate 
x Maximization of desirability and identifying the best possible value 
 
Optimization is carried out using design expert 6.0.8 software. Default value of weight equal to 1 and importance 
of level 3 is chosen for cutting rate. The 10 solutions obtained using desirability approach are shown in Table 5. The 
highest desirability value is obtained as 1. Maximum cutting rate can be obtained at TON = 119.84, TOFF = 51.27, IP 
= 168.75 and SV = 53.14 while machining of Al 6063/ ZrSiO4(p) MMC. 
 
Table 5 Most favourable solutions for cutting rate 
 
No. TON TOFF IP SV CR Desirability 
1 119.84 51.27 168.75 53.14 5.87604 1 
2 117.75 50.94 148.95 52.05 5.18741 1 
3 118.78 50.78 137.48 52.30 5.33918 1 
4 118.81 50.25 165.95 57.89 5.3745 1 
5 116.18 50.39 174.86 50.42 5.34737 1 
6 117.02 50.03 142.13 50.10 5.30374 1 
7 118.03 50.38 121.15 50.09 5.20183 1 
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8 118.42 50.14 124.01 52.11 5.24299 1 
9 119.96 54.56 178.33 51.16 5.27699 1 
10 120.00 57.86 120.00 50.00 3.82144 0.650632 
  Legend: TON = Pulse on time, TOFF = Pulse off time, IP = Peak current, SV = Servo voltage and CR = Cutting rate 
Confirmatory experiments carried out for solution no. 1 and solution no. 2. The process parameter values are 
rounded off to nearest integer value and Table 6 indicates that error obtained is less than 5%. It confirms excellent 
reproducibility of results. 
Table 6 Confirmatory experiments for cutting rate 
 
 TON TOFF IP SV Predicted CR Actual CR Error % 
1 120 51 169 53 5.87604 5.9877 1.9 
2 119 51 137 52 5.37454 5.2610 -2.1 
Legend: TON = Pulse on time, TOFF = Pulse off time, IP = Peak current, SV = Servo voltage and CR = Cutting rate 
7. Conclusion 
Present work explore the WEDM of Al 6063/ ZrSiO4(p) metal matrix composites. The quadratic models for 
cutting rate is developed to correlate the effects of process parameters namely pulse on time, pulse off time, peak 
current and servo voltage with cutting rate. An experimental plan of the Box-Behnken based on the RSM was 
applied to perform the experimentation work. Optimization of cutting rate is carried out using desirability approach. 
From this study, following conclusions are drawn. 
 
x Main effect of pulse on time, pulse off time, peak current and servo voltage and interaction effect of 
pulse on time and pulse off time, pulse on time and peak current, pulse on time and servo voltage, pulse 
off time and peak current, pulse off time and servo voltage and interaction effect of peak current and 
servo voltage found to be significant from the ANOVA of cutting rate. 
x It was found experimentally that increasing the pulse on time and peak current, the cutting rate 
increases, whereas increasing the pulse off time and servo voltage decreases the cutting rate. The 
higher discharge energy associated with the increased pulse on time, peak current and lesser pulse off 
time and servo voltage leads to more powerful explosions which increases the cutting rate. 
x Surface topography of the machined surface showed that large size craters and cracks were formed on 
the surface when pulse on time was increased to a high level and pulse off time was kept at a lower 
level. 
x The effect of production of crates is more pronounced on the surface of the machined work piece when 
peak current is increased to a high level and servo voltage is kept at lower level. 
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